OBJECTIVES: A 180/180°configuration has been reported to increase repair durability after valve-sparing aortic root replacement (V-SARR) for bicuspid aortic valve (BAV) disease. We studied the impact of commissural angular configuration (CAC) and of BAV type on valve performance after V-SARR.
BACKGROUND
Aortic valve repair coupled with one of the techniques of aortic valve reimplantation (Tirone David I-V) has been proposed as a treatment option for a substantial number of patients with a regurgitant bicuspid aortic valve (BAV), either with or without aortic aneurysm [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] .
The wide range of pathological configuration patterns of the cusps, sinuses and commissures in BAV disease has been summarized in Sievers' BAV classification system [15] . 'Majority-type' BAV are characterized by fusion of the right and left coronary cusps, presenting with one raphé (Sievers 1 right-left, referred to as S1/ R-L type). Less common types are the 'natural perfect' BAV without a raphé (SØ), the valve presenting with one raphé of fused right-non-coronary cusps (S1/R-N, 'minority type') or rare left-non-coronary cusps (S1/L-N). The angle of circumferential orientation of the free (non-fused) commissures differs substantially between the native BAV.
It has been suggested that commissure and/or cusp configuration, including the commissural angular configuration (CAC), impacts on mid-term valve function and on reoperation risk after valve-sparing aortic root replacement (V-SARR) for BAV disease [4] . Here, we report a retrospective analysis testing this hypothesis by investigating the impact of pre-and postoperative commissural orientation angles and Sievers' BAV type on functional outcomes after the Tirone David V Stanford modification (TD V S-mod ) V-SARR procedure.
METHODS

Patients and procedures
A total of 85 patients with a BAV (68 men, mean age 44 ± 11 years, range 20-64 years) underwent TD V S-mod ( Fig. 1 ) V-SARR [16] at Stanford between 1997 and 2013. Baseline patient characteristics are shown in Table 1 .
Commissural and coaptation heights, cusp fusion pattern, Sievers' type of BAV and annular dimensions were determined after aortotomy under direct vision. All valves were inspected for cusp prolapse after reimplantation of the sinus rim into the proximal Dacron graft (Fig. 1) . Patients with El Khoury type II aortic regurgitation because of cusp tissue redundancy and prolapse [8] underwent cusp-free margin shortening if they were pliable and did not contain any advanced fibrosis or calcification. Calcified raphés were excised using very small triangular raphé resection with repair of the defect. In 57 patients (67%), central and/or peripheral free margin shortening sutures were placed to correct cusp prolapse. Two patients had creation of Gore-Tex neosuspensory cords to the fused cusp raphé, both of whom presented with ruptured native suspensory cords preoperatively.
Assessment of commissural angular orientation
All patients underwent serial CT angiography (CTA) studies of the chest as part of the aortic surgical preoperative work-up (mean 60 days, range 1-646 days) and postoperative follow-up (mean 6 ± 4 days postoperatively). All scans were screened manually for an image plane most clearly showing the 2 non-fused commissures and aortic valve cusps, including their free margins.
To account for image blurring, all angle measurements were tested for interobserver agreement (see Supplementary material, Appendix). All measurements were manually performed on digital images using standard serial imaging analysis tools by 2 independent observers. Figure 2 shows pre-and postoperative examples for 3 different valve configurations and the measured angles.
Echocardiographic and clinical follow-up
Routine transthoracic echocardiography (TTE) valvular and aortic assessment was performed in all patients early and late postoperatively at 6 ± 3 days and at 2.9 ± 2.1 years, respectively. In addition, all patients had intraoperative transesophageal echocardiogram (TEE) confirming aortic root measurements and valve function and post-repair valvular competency. All TTE and/or TEE assessments included investigation of aortic regurgitation (AR) grade, jet direction, mean and maximal gradients and V (max) . Clinical follow-up and recording of overall health status by means of office visit, phone call or mail contact was 100% complete, with a mean follow-up of 2.6 ± 0.6 years and a cumulative follow-up of 161 patient-years.
Data analysis
Patients were grouped into S1 and SØ BAV groups. In addition, comparison groups were generated according to CAC angle, preoperatively and postoperatively (>160 and <160°), and to the amount of change in the CAC angle from pre-to postoperatively (<30 and >30°) ( Supplementary Fig. 1 ). All data are given as mean ± standard deviation or 95% confidence intervals (CI) and/or as medians with interquartile ranges (IQRs) or other percentiles, whenever appropriate. Student's t-test ( paired and unpaired) or Wilcoxon's signed-rank test was performed for comparisons of means. Testing for differences in survival and freedom from adverse clinical outcomes between patient cohorts was performed using Log-rank tests. One expert echocardiographer (D.H.L.) graded the AR semiquantitatively as 0 (none), 1+ (mild), 2+ (moderate), 3+ (moderate-severe) or 4+ (severe). The primary end-points were freedom from new-onset or progressive AR, freedom from 1+ AR or freedom from 2+ AR, as well as freedom from reoperation. Cox proportional hazards model was used to study the impact of CAC angle changes on time-related adverse events.
Correlation methods were used to identify intraoperative variables with a possible impact on change in the BAV free commissural orientation. The Pearson Product Moment Correlation coefficient and Spearman correlation were calculated to study the strength of association between change in CAC angle and valve performance or method of cusp repair and annular dimension reduction during V-SARR.
For the Cox proportional hazards model, preoperative and postoperative angles, as well as the change in angle, were included to analyse their impact on valve function as continuous variables. The valvular end-points of all statistical calculations were rate of reoperation, postoperative AR progression and freedom from AR 1+ (mild) and 2+ (moderate).
Given that the natural perfect (Sievers' Type Ø) BAV without a raphé is considered a distinct entity in the pathological continuum of BAV configuration, statistical analyses of the CAC angles were done separately for Sievers' Type 1 and Sievers' Type Ø BAV. For an overview of the grouping of patients for statistical analyses according to the CAC angle, see Supplementary material, Appendix.
Commercial statistics and graphing packages IMB SPSS 19 (IBM North America, New York City, NY, USA) Statistics 19 and 
RESULTS
At 8 years, overall survival was 98.5% (87-100%, 1 death), freedom from reoperation 90% (77-97%, total of 3) and freedom from infectious complications 98% (87-100%, 1 case). Twenty-three patients (27%) had minimal AR progression (n = 19, 32% of S1-BAV and n = 4, 15% of SØ-BAV), increasing from no or trace AR to AR 1 + (n = 16) and to AR ≥2+ (n = 7). Freedom from AR grades higher than 2+ at 8 years was 99%.
Valve configuration
There were 52 (majority type) S1/R-L valves (61%), as well as 5 (6%) S1/R-N and 2 (2%) type S1/N-L valves. Of the 26 'naturally perfect' SØ valves (31%) without a raphé (Type SØ), 19 (22%) were type SØ/LAT (lateral) and 7 (9%) were Type SØ/A-P. All patients presented with either regurgitant (Sievers' subcategory i, n = 58, 68%) or normally functioning BAV; no stenotic valves were preserved.
The preoperative SØ free commissural orientation angles (CAC, mean 164 ± 12°) were larger than the preoperative CAC angles of the S1 valves (mean 132 ± 19°, P < 0.001, Fig. 3 ). For the BAV without raphé (Sievers' Type Ø, naturally perfect), paired Student's t-test showed a marginally significant change towards larger angles (t = −2.19, P = 0.038) postoperatively. These angles changed minimally from a preoperative mean of 164 ± 12°-171 ± 11°. There was a more substantial change in CAC angle among the S1 type BAV when compared with the SØ BAV: a mean increase of 27°(22-33°, 95% CI) vs 7°(0.4-14°, 95% CI), P < 0.001. The mean CAC angle of S1 BAV changed substantially from preoperative 132 ± 19°to postoperative 157 ± 17°(P < 0.001, Fig. 3 ) without any intentional surgical effort to alter the commissural geometry. See also Of the 26 patients with SØ BAV, 17 (65%) had an angle of >160°b efore the procedure, when compared with a postoperative 23 (88%). However, change in CAC angle was not as substantial as in the S1 BAV group. Only 9 S1 BAV patients (15%) had a CAC angle of >160°preoperatively, whereas there were 30 (51%) after V-SARR. Only 3 patients (12%) were found to have a change in CAC angle of >30°in the SØ cohort when compared with 22 (38%) in the S1 group.
Factors influencing changes in commissural angular configuration
By Pearson Product Correlation, there were no significant relations between downsizing of annular diameter and CAC angle changes. However, by Spearman correlation for categorical data, patients with a reduction in annular diameter of >5 mm were slightly more likely to change to a larger CAC angle postoperatively (P = 0.036). When patients with a cusp free margin shortening procedure were compared with those without any cusp procedure, there was no significant change in CAC angle. In addition, we found no significant relation between the numbers of plication stitches used on the cusp free margins and change in CAC angle.
Impact of free commissural orientation on valve function
A large CAC angle per se was not linked to any of the tested adverse outcomes: S1 BAV patients with CAC angles >160 versus <160°did not have different AR grades (median of 0 vs 1+, P = 0.72) preoperatively or postoperatively. In addition, no significant differences were found between rates of reoperation (0% for >160°vs 98%, 70/97% for <160°, P = 0.31) or AR progression (P = 0.9). Analyses of all patients, S1 and SØ together, did not reveal any significant differences between the >160 and <160°C AC angle groups for the same end-points. Between groups 1 (angle changed from <160 to >160°), 4 (angle remained >160°) and 5 (angle remained <160°) as shown in Supplementary Fig. 1 , there was no significant difference for any of the functional end-points (Ps >0.05). This accounted for S1 valves analysed as a single group as well as for the combined S1 and SØ BAV group analyses.
Furthermore, delta CAC angle change was not linked to adverse functional outcomes. Comparing the S1 BAV that changed from an angle of <160°to CAC >160°with a CAC change of >30°( group 2, Supplementary Fig. 1 ) to those with a change of <30°, there was no significant difference in rates of reoperation (P = 0.7), AR progression (P = 0.43) or occurrence of AR 1+ (P = 0.63). For the composite (S1 and SØ) overall group, AR 2+ occurred more often in those BAV patients with a change in angle of >30°( P = 0.047). Freedom from AR 2+ was 100% in the change of <30°g roup vs 75% (30-92%) in the change of >30°group. When considered as continuous variables, the covariates 'preoperative CAC', 'postoperative CAC' and 'absolute change in CAC' did not significantly affect functional outcomes or reoperation for the S1 BAV patients (Ps > 0.05) or in the combined S1 and SØ BAV overall population. For details of the Cox model, see Table 2 .
Impact of Sievers' type on valve function
The presence of a regurgitant (El Khoury type I or II) S1 type BAV correlated with higher rates of AR progression [freedom from AR progression was 57% (28-78%) vs 81% (56-92%), P = 0.017] and higher rates of 1+ AR [freedom from AR 1+ was 45% (35-81%) vs 76% (58-92%), P = 0.008] when compared with the remaining study population. Freedom from AR ≥2+ at 8 years was 99%. AR progression has been sub-clinical so far except for 2 patients who underwent reoperative composite valve graft procedure because of structural valve deterioration (recurrent AR in 1 and endocarditis in 1).
DISCUSSION
It has been proposed that the circumferential orientation of the free, non-fused commissures in patients with BAV might have an impact on functional outcomes after aortic root replacement with valve preservation or repair [4] . Theoretically, this might be because of haemodynamic strain, including increased turbulence or fluid shear stress [17] or other reasons such as genetically determined tissue weakness at the molecular level [18] .
In the series of 316 patients reported by Aicher et al. [19] , those with valves with a commissural angle of <160°(direct intraoperative visualization) experienced reoperation because of structural valve deterioration and recurrent or progressive AR significantly more often over a follow-up period of 10 years. In this study, it was not differentiated between BAV with a raphé (Sievers' S1) and naturally perfect BAV (Sievers' SØ). We think that the differentiation between a BAV with 3 commissures, 1 of which is fused (S1), and the SØ BAV with only 2 cusps, 2 commissures and 2 sinuses is meaningful and important.
Our data seem to support this belief: if S1 BAV patients were analysed separately, the CAC angle did not appear to be linked to functional outcomes. However, Sievers' type had a significant bearing on functional outcomes; the regurgitant Sievers' 1 BAV patients had significantly higher rates of AR progression, even though AR progression has thankfully been a sub-clinical event so far.
The hypothesis that a preoperatively large angle will have better outcomes and, thus, should be selected primarily for V-SARR is supported by our data. However, our data suggest that it is not the angle alone, but the fact that there is a combination of a large commissural angle, only 2 cusps, 2 sinuses and 2 commissures and, thus, a balanced root geometry. This conclusion is based on the fact that Sievers' type was identified as a risk factor for adverse outcomes, whereas the angle as a single variable was not.
The conclusion that a small-angle valve per se will have worse outcomes can only partially be supported by our data. When looked at as separate variables, the small angle per se was not linked to adverse outcomes. When looked at the angle in combination with whether there was a raphe, the Sievers' type was the only significant predictor of adverse outcomes that we found.
In this cohort, true and meaningful clinical end-points, such as severe AR and reoperations, are sparse. Freedom from AR >2+ was 99% at 8 years. This is good news for the patients but renders our statistical analyses underpowered. The only end-point we can actually analyse is AR progression, which luckily has been mild and with almost no clinical consequences so far. There were 3 reoperations, 1 for endocarditis, 1 pericardectomy and 1 aortic valve replacement 3 years after the TD V S-mod for severe AR. All of these were S1 valves, but this is not powerful and no conclusive statements concerning this end-point can be made.
A large CAC angle can indirectly make one suspicious that a SØ type BAV will be present. Sievers' BAV configuration, including commissural fusion pattern as well as valve function, has more impact on functional outcomes after V-SARR than CAC angle alone: we conclude that regurgitant S1 BAVs are probably a worse substrate for V-SARR than are SØ BAVs.
We can only conjecture why the natural perfect SØ valves are a better substrate for V-SARR in terms of postoperative valve function. Turbulent flow or unequally distributed mechanical forces on the cusps might account for the trend towards higher rates of slight AR progression among the S1 valves [17] . There might also be structural differences in the cusp tissue between the different types of BAV, rendering the S1 valve more prone to structural failure after V-SARR [18] .
However, the effects of purposefully enlarging the BAV angle have, in terms of truly quantitative analyses looking at degree of pliability, amount of increase in cusp mobility in metric dimensions, etc., not been analysed yet. All of these possible benefits are subjective. There are intraoperative situations when balancing a BAV could improve technical feasibility of a cusp repair. If the fused cusp has a very long insertion line and is simultaneously prolapsing and one would like to perform a free margin plication to lift it up, shortening the line of fused cusp insertion by balancing the root might increase pliability of the free margin. This strategy might have a role in increasing feasibility of certain valve repair strategies, but at Stanford this has never been tried. Stanford has no experience with purposefully forcing a small angle, unbalanced BAV into a balanced geometry, be it for technical reasons or theoretical improvement in repair longevity.
Conclusions on the effectiveness of purposefully enlarging the commissural angle during V-SARR cannot be drawn from this study, because there is no control group. We have no direct proof based on our experience that forcing the valves to 180/180°is disadvantageous. We can only interfere from retrospectively evaluating the change in the CAC angle and how this influenced valvular outcomes. There was no prospectively designed control group for enlarging the angle surgically versus not enlarging the angle. However, it was not the aim of this study to prove that manipulation of the BAV angle is not beneficial. The objectives of this study were to: (i) determine the degree of change in the BAV angle that is a result of the TD V S-mod procedure, without purposeful enlargement of the angle; and (ii) analyse retrospectively whether the patients with larger changes in angle or larger angles before the operation had better outcomes than others.
There are several technical features that make certain SØ valves, namely the SØ-LAT variant, more attractive for V-SARR. Given that there are only 2 cusps, 2 commissures and 2 sinuses, aligning the commissures correctly (close to 180°) facilitates proper valve reimplantation. Correct positioning of the commissures in the prosthesis proximally and precise re-establishment of 3D aortic root geometry is critical in V-SARR procedures to optimize postoperative valve function. Given that the CAC angle in the SØ BAV is usually large and close to 180°, this is easier to accomplish for the surgeon; the coronary ostia are in the middles of the two sinuses, which makes coronary reimplantation easier. Reimplantating a S1 BAV with 3 different-sized sinuses and commissures, with the commissures usually having different heights, can be more challenging. In addition, the coronary artery ostia located very close to the R-N and L-N commissures in S1 or Sievers' SØ-AP BAVs makes reimplantation of the coronary Carrel patches or 'buttons' more complicated and hazardous; meticulous care is necessary for SØ-AP valves because the coronary artery ostia are located very close or even contiguous with the 2 commissures.
Although a few valves exhibited smaller angles after the procedure, an overall trend towards larger angles was seen, especially among the S1 BAV patients who had relatively small angles preoperatively. To a certain degree, the amount of subannular plication and annular dimension reduction seem to be linked to the commissural orientation after the operation; that is, those patients with a larger annular dimension reduction were somewhat more likely to have more change in their CAC orientation angle.
Despite statistical analyses involving grouping the patients with a larger change of angle versus patients with a smaller change, there was no significant difference with respect to valve function. A large angle, neither preoperatively or postoperatively, nor a substantial change in the angle was linked to more favourable functional outcomes in this study, which further contradicts earlier reports [19] .
Selecting BAV patients for V-SARR according to commissural orientation alone or intentional manipulation of the CAC angle towards a 180/180°configuration is not advisable on the basis of what we know so far. One of the main goals in V-SARR is to reestablish the aortic root geometry as close to the preoperative situation as possible. An impact of CAC angle with respect to late postoperative valve function might emerge in larger studies focussing on 10-year and beyond outcomes. We believe that it is advisable to analyse the S1 and SØ BAV groups separately because they are morphologically distinct and have significantly different CAC angles preoperatively.
Limitations
This analysis was a retrospective study, but all clinical patient characteristics, clinical follow-up and echocardiographic readings were collected prospectively. CAC angle from CTA were analysed retrospectively. Interobserver variability of CT angle measurements was present, but not statistically significant (see Supplementary material, Appendix). This experience included selected young BAV patients undergoing elective, first-time V-SARR. All patients were operated on by 1 surgeon (D.C.M.) and patient-referral and patientselection bias were probably present.
CONCLUSIONS
A large free commissural orientation angle per se was not linked to adverse functional outcomes after the TD V S-mod procedure for BAV. Recently reported benefits of large CAC angles portending a different prognosis are likely the result of large free commissural angle being a surrogate for naturally perfect Sievers' SØ BAV. The SØ BAV (2 sinuses, 2 cusps, 2 commissures) is the best substrate for V-SARR. The majority type S1-BAV, especially when associated with annular dilatation and AR, is associated with a higher likelihood of mid-term functional valve deterioration. Longer term investigation in the future is needed to evaluate fully the impact of BAV configuration on late valvular and clinical outcomes after V-SARR.
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APPENDIX. CONFERENCE DISCUSSION
Dr H. Schäfers (Homburg, Germany): I have to admit I disagree with your conclusions and, based on the information that is available to me, either in the presentation here or in the manuscript, I have problems with the reproducibility.
Let me start off by explaining why. Your analysis was based on the Sievers' classification of the bicuspid valve. This is an interesting classification that has strengths and weaknesses. The strength is, it's easy. The weakness, it's a simple morphologic classification that is not well-defined. How much raphe is raphe? Or how much hypoplasia of a commissure is enough not to count as a commissure? Some other weaknesses: Sievers proposes the unicuspid valve as a bicuspid, which is, in my mind, anatomically and geometrically completely wrong.
A second problem I have is the information of post-repair valve morphology. There is increasing evidence that objective measurements like effective height, or whatever else you want to use, are important determinants of valve function. I have not found information on how valve configuration was determined in your case and this brings up the question, 'was it really optimal in all cases?'
And the third aspect is the question of valve function. There is more to valve function than just the question of AR. There are systolic gradients. And, in addition, there are some less accepted aspects, the importance of which we do not yet fully understand, such as the presence of billowing and the question of mobility of the fused cusps. For instance, we have seen by changing towards a 180/ 180 design that this increases mobility of the fused cusps and really makes the valve look normal.
Let me ask you a couple of specific questions. How was cusp configuration really assessed: was it measured objectively or was it eyeballed? Second, did you analyse systolic gradients and was there a difference? Third, how often did you see billowing of the fused cusp? It's very easy if you create a 180 configuration and you shrink the part of the circumference that belongs to the fused cusp, you will have excess tissue and not only the margin will need to be plicated but also the body of the cusp, otherwise you will have billowing. And finally, we see the near-symmetric bicuspid valve in roughly 5% of individuals. You had 30%. Was there a bias in what valves were to be preserved, or how would you explain the difference?
Dr Kari: Let me first say something on the design of this study. Conclusions on the effectiveness of purposefully enlarging the commissural angle during valve-sparing root replacement cannot be drawn from this study because we have no control group. We have no direct proof based on our experience that forcing small angle valves towards a 180/180 configuration is bad because that has actually not been done. Now, that leads me to the question of how the commissural configuration was actually measured. It was not eyeballed, it was measured. It was not measured intraoperatively, it was measured from preop and postop CT scans. So that was the first question.
Dr Schäfers: The question was not commissural orientation, the question was valve configuration. What was the effective height of these valves? Was it 9 to 10 mm, or was it not measured? Was it eyeballed?
Dr Kari: An effective height of at least 10 mm or more, directly postoperatively or post-repair in the OR, was always aimed for, but it was not actually measured.
Dr Schäfers: A few months ago at the AATS, Dr Miller said maybe he was considering buying an instrument that allows measurement rather than eyeballing.
Dr Kari: For these patients, the effective height has not been measured, yes, that's correct. Systolic gradients for these patients: none of these patients had any stenosis or stenotic component, it was purely AR. That was the second question. How often did we observe prolapse of the fused cusps? In a substantial proportion of patients. Many of them, about 60%, had a free margin plication done in order to lift up the free margin of the cusp.
And your question on other possibly helpful aspects of changing the angle towards a larger angle, Professor El Khoury also stated in this year's Aortic Valve Repair Symposium that there might be technical advantages. For example, if you have a fused cusp and it's prolapsing, it has a very long line of insertion, it's immobile, and you want to perform a free margin plication but you can't because of the immobility, then it might be a technical advantage to balance the root in order to shorten the cusp insertion line and increase pliability of the fused cusp. But that is something that we haven't done, it hasn't been done at Stanford, and this is only a theoretical aspect proposed by others. We can't draw any strong conclusions on that question.
